Citrus are mainly grown in low pH soils with high active aluminum (Al). 'Xuegan' (Citrus sinensis (L.) Osbeck) and 'Shatian pummelo' (Citrus grandis (L.) Osbeck) seedlings were fertilized for 18 weeks with nutrient solution containing either 0 mM (control) or 1 mM (Al toxicity) AlCl 3 ·6H 2 O. Aluminum induced decreases of biomass, leaf photosynthesis, relative water content and total soluble protein levels, and increases of methylglyoxal levels only occurred in C. grandis roots and leaves. Besides, the Al-induced decreases of pigments and alterations of chlorophyll a fluorescence transients and fluorescence parameters were greater in C. grandis leaves than those in C. sinensis leaves. Aluminum-treated C. grandis had higher stem and leaf Al levels and similar root Al levels relative to Al-treated C. sinensis, but lower Al distribution in roots and Al uptake per plant. Aluminum toxicity decreased nitrogen, phosphorus, potassium, calcium, magnesium and sulfur uptake per plant in C. grandis and C. sinensis seedlings, with the exception of Al-treated C. sinensis seedlings exhibiting increased sulfur uptake per plant and unaltered magnesium uptake per plant. Under Alstress, macroelement uptake per plant was higher in C. sinensis than that in C. grandis. Aluminum toxicity decreased the ratios of reduced glutathione/(reduced + oxidized glutathione) and of ascorbate/(ascorbate + dehydroascorbate) only in C. grandis roots and leaves. The activities of most antioxidant enzymes, sulfur metabolism-related enzymes and glyoxalases and the levels of S-containing compounds were higher in Al-treated C. sinensis roots and leaves than those in Al-treated C. grandis ones. Thus, C. sinensis displayed higher Al tolerance than C. grandis did. The higher Al tolerance of C. sinensis might involve: (i) more Al accumulation in roots and less transport of Al from roots to shoots; (ii) efficient maintenance of nutrient homeostasis; and (iii) efficient maintenance of redox homeostasis via detoxification systems of reactive oxygen species and methylglyoxal.
Introduction
In neutral or mildly acidic soils, aluminum (Al) exists largely as insoluble aluminosilicates or oxides and is biologically inactive. However, when soil has a pH < 5.0, Al 3+ , which is very toxic to plant roots, is released from these clay minerals into soil solution, impairing root growth and function. This in turn causes reduced water and nutrient uptake, thus limiting crop growth and yield. Aluminum toxicity in acid soils, therefore, is a major factor limiting crop production worldwide, because over 50% of the world's potentially arable soil is acidic (Kochian 1995 , von Uexküll and Mutert 1995 , Yang et al. 2013 , Kochian et al. 2015 . Citrus, which belong to subtropical evergreen fruit trees, display poor growth and a shortened lifetime when planted in low pH soils with high level of active Al (Lin and Myhre 1990) . In China, most commercial Citrus orchard soils are acidic or strongly acidic. Furthermore, soil pH is rapidly declining in Citrus orchards due to improper agriculture practices (fertilization) and environmental problems (acid rain) (Jiang et al. 2003 .
Aluminum-induced decline in leaf photosynthesis is a common phenomenon observed in a wide range of higher plants including Citrus (Pereira et al. 2000 , Chen et al. 2005b , Jiang et al. 2008 , 2009a , 2009b , Yang et al. 2012 , wheat (Ohki 1986 ), sorghum (Peixoto et al. 2002) , tomato (Simon et al. 1994) , barley (Dawood et al. 2012) , tobacco , soybean (Ying and Liu 2005) , maize (Zhao et al. 2017) , peanut (Shen et al. 2014) , rye , Artemisia annua (Aftab et al. 2010) , Eucalyptus , tea (Mukhopadyay et al. 2012) , Quercus glauca (Akaya and Takenaka 2001) , oil tea (He et al. 2011) , highbush blueberry (Reyes-Díaz et al. 2011 ) and cacao (Ribeiro et al. 2013) . Evidence shows that the decrease in leaf photosynthesis in response to environmental perturbations including Al toxicity is reflected in the photosystem II (PSII) behavior (Peixoto et al. 2002 , Jiang et al. 2008 , Li et al. 2010 , Tang et al. 2012 ,Żurek et al. 2014 . Pereira et al. (2000) suggested that one of the possible causes for the Alinduced inhibition of photosynthesis in Citrus leaves was the damage to thylakoid structure, as indicated by the decreased ratio of maximum variable fluorescence (F v )/minimum fluorescence (F o ). Previous studies from our lab showed that the Alinduced impairment of the whole photosynthetic electron transport chain from PSII donor side up to the reduction of PSI end acceptors were responsible for the Al-induced decrease in CO 2 assimilation in Citrus leaves (Chen et al. 2005b , Jiang et al. 2008 , 2009a , 2009b . Peixoto et al. (2002) owed the Alinduced inhibition of CO 2 assimilation in sorghum leaves to a combination of factors including impaired PSII photochemistry, decreased pigment levels and probably damaged enzymatic machinery. Moustakas et al. (1995) associated the Al-induced inhibition of photosynthesis in wheat leaves with increased closure of PSII reaction centers (RCs), impaired photosynthetic electron transport and intrathylakoid acidification. Li et al. (2012) suggested that Al toxicity blocked electron transport between Q A and Q B , hence impairing PSII photochemistry and inhibiting photosynthesis in tobacco. To our best knowledge, most of these studies on photosynthesis and PSII photochemistry have focused on herbaceous plants.
Aluminum toxicity can stimulate the formation of reactive oxygen species (ROS), such as H 2 O 2 and superoxide anion, thus disturbing redox homeostasis and causing lipid peroxidation in plant cells (Yamamoto et al. 2002 , Giannakoula et al. 2010 , Shen et al. 2014 , Guo et al. 2017a ). Growing evidence shows that antioxidant enzyme system, the first line of defence against oxidative stress, contributes to plant overall Al tolerance (Sivaguru et al. 2013 , Zhou et al. 2017 . Giannakoula et al. (2010) reported that the Al-induced increases in levels of H 2 O 2 and malondialdehyde (MDA) were higher in the roots of Al sensitive maize line than those in Al tolerant maize line, and that root antioxidant enzymes were induced by Al in the Al tolerant line, but not in the Al sensitive line. Similar results have been obtained in sorghum (Sivaguru et al. 2013 , Zhou et al. 2017 and rice (Guo et al. 2012) . Recently, our lab identified more ROS scavenging-related proteins increased in abundance in Altreated Al tolerant C. sinensis roots and leaves than those in Altreated Al intolerant C. grandis roots and leaves . Also, the Al-induced upregulation of genes related to ROS scavenging was more in C. sinensis roots than that in C. grandis roots (Guo et al. 2017b) . Transgenic plants have provided additional data showing that antioxidant enzymes can contribute to plant Al tolerance. Upregulation of antioxidant enzyme genes conferred Al tolerance in transgenic canola plants overexpressing wheat manganese (Mn) superoxide dismutase (SOD) (Basu et al. 2001 ) and transgenic tobacco plants overexpressing Arabidopsis cytosolic dehydroascorbate (DHA) reductase (DHAR) (Yin et al. 2010) .
Thiol-based antioxidant system is regarded as the second line of defense against the oxidative damage (Manna et al. 2008) . Sulfur (S) metabolism, a central pathway for the formation of S-containing compounds including cysteine (Cys), reduced glutathione (GSH), phytochelatins (PCs), metallothioneins (MTs) and H 2 S plays important roles in plant tolerance to heavy metals, Al and oxidative stress (Ezaki et al. 2000 , Yang et al. 2007 , Anjum et al. 2015 , Jia et al. 2016 ). There were several reports showing that S enhanced Al tolerance of wheat (Zhang et al. 2010) , barley (Dawood et al. 2012) , Citrus (Guo et al. 2017b) and oilseed rape (Qian et al. 2014 ) through decreasing the production of ROS and the levels of MDA levels, and increasing the activities of antioxidant enzymes and S metabolism-related enzymes and the levels of S-containing compounds. Recently, we isolated more Al-responsive S metabolism-related proteins increased in abundance from Al tolerant C. sinensis roots and leaves and those from Al intolerant C. grandis roots and leaves . Also, Guo et al. (2017b) identified more upregulated than downregulated S metabolismrelated genes in Al-treated C. sinensis roots, but more downregulated than upregulated genes in Al-treated C. grandis roots. Thus, the Al-induced alterations of S-metabolism-related enzyme activities and S-containing compound levels should be different among various plant species and/or cultivars with contrasting Al tolerance. So far, such data are very rare.
Methylglyoxal (MG), a cytotoxic compound, often increases when exposed to heavy metal and Al stresses (Hossain et al. 2012 . Excess accumulation of MG in plant cells can lead to oxidative damage by intensifying ROS production and inactivating antioxidant enzyme system (Yadav et al. 2005 , Hossain et al. 2012 . The glyoxalase (Gly) system, which is composed of two enzymes, Gly I and Gly II, is necessary for the glutathione-based detoxification of MG. Gly I catalyzes MG to S-lactoylglutathione (SLG) using one molecule of GSH. Subsequently, Gly II converts SLG to lactate and one molecule of GSH is regenerated (Singla-Pareek et al. 2003) . Overexpression of Gly I and/or Gly II conferred zinc (Zn) tolerance in transgenic tobacco plants by restricting MG and MDA accumulation, increasing PCs level and maintaining glutathione homeostasis under high Zn levels (Singla-Pareek et al. 2006) . Guo et al. (2017a) and Nahar et al. (2017) reported that both S-induced enhancement of Al tolerance in C. grandis seedlings and spermidineinduced upregulation of Al tolerance in mung bean seedlings were accompanied by elevated antioxidant and Gly components. Therefore, the MG detoxification system might play important roles in plant Al tolerance. To our best knowledge, little is known about the responses of MG and glyoxalases to Al-stress in plants.
Here, we used Al tolerant C. sinensis and Al intolerant C. grandis seedlings as materials (Guo et al. 2017a (Guo et al. , 2017b and examined the Al-induced alterations of biomass, Al and macroelements in roots, stems and leaves, pigments, gas exchange and chlorophyll (Chl) a fluorescence in leaves, relative water content (RWC), ROS production, electrolyte leakage, total soluble proteins, MDA, MG, antioxidants and S-containing compounds, antioxidant enzymes, S metabolism-related enzymes, and glyoxalases in roots and leaves. The objectives of this study were to test the hypothesis that ROS and MG detoxification systems are more efficient in C. sinensis that in C. grandis under Al-stress, and understand the tolerant mechanisms of Citrus to Al toxicity at the physiological level.
Materials and methods

Seedling culture and treatments
Seedling culture and Al treatments were conducted as described previously (Guo et al. 2017b ). In brief, 5-week-old uniform seedlings of 'Xuegan' [C. sinensis (L.) Osbeck] and 'Shatian pummelo' [C. grandis (L.) Osbeck] were transported to 6-l pots (two seedlings per pot) filled with clean river sand and grown in a glasshouse under a natural photoperiod at Fujian Agriculture and Forestry University, Fuzhou (26°5′N, 119°14′E) with an annual average temperature and sunlight of~20°C and 16 h, respectively. Six weeks after transporting, seedlings were irrigated daily with nutrition solution containing either 0 mM (control) or 1 mM (Al toxicity) AlCl 3 ·6H 2 O until a part of nutrient solution began to leak out from a hole at the bottom of the pot (~500 ml), then stopped. The pH of the nutrient solution was adjusted to 4.1-4.2 with HCl or NaOH. Eighteen weeks after Al treatments, the recent fully expanded mature leaves and~5-mm-long white root apices were chosen for all the measurements except for root elements. After leaf gas exchange and Chl a fluorescence were determined, leaf discs (0.6 cm in diameter) and~5-mm-long white root apices from the same seedlings were taken on a sunny noon and immediately frozen in liquid N 2 , then stored at −80°C until extraction of pigments, enzymes, total soluble proteins, antioxidants, PCs, MTs, MDA and MG. These unsampled seedlings were used to measure biomass and element concentrations, root and RWC, electrolyte leakage and H 2 O 2 and superoxide anion production.
Biomass and leaf pigments
Roots, stems and leaves from 10 seedlings (one seedling per pot) were taken for each treatment. Their dry weight (DW) was measured after being dried at 70°C to a constant weight.
Leaf carotenoids (Car), Chl a and Chl b were measured as described by Lichtenthaler (1987) after being extracted with 80% (v/v) acetone in darkness.
Mineral elements
Recent fully expanded mature leaves (midribs, petioles and winged leaves removed), the middle sections of stems, and the small first-and second-order fibrous roots (<2.0 mm diameter) were taken and dried to a constant weight at 70°C, then ground to pass a 40-mesh sieve and properly stored for analysis. Citrus roots can be divided into three categories: first-order fibrous roots (terminal roots with growing root tips), second-order fibrous roots (roots that bear first-order fibrous roots) and pioneer roots (large, straight, generally unbranched roots with prominent tip and large diameter) (Eissenstat and Achor 1999) . In addition to our lab, studies from different labs have used the small fibrous roots as material for analyzing mineral elements (Smith et al. 1954 , Iglesias et al. 2004 , Lu et al. 2014 , Long et al. 2017 . Nitrogen (N) and S were measured with a varioMAX cube CNS analyzer (Elementar Analysensysteme GmbH, Hanau, Germany). Phosphorus (P) and Al were assayed as described by Ames (1966) and Hsu (1963) , respectively. Potassium (K) was measured with a FP640 Flame Photometry (Shanghai Precision Scientific Instrument Co., Ltd, Shanghai, China). Magnesium (Mg) and calcium (Ca) were assayed using a PinAAcle 900F Atomic Absorption Spectrometer (Perkinelmer Singapore Pte Ltd, Singapore).
Element uptake per plant (the total sum of the element content in roots, stems and leaves) and distributions in leaves, stems, and roots were calculated as described previously (Long et al. 2017) . Briefly, nutrient uptake per plant was calculated as: element concentration in roots × root DW + element concentration in stems × stem DW + element concentration in leaves × leaf DW. Element distributions in roots, stems, or leaves (%) were calculated as: (element content in roots, stems, or leaves/element uptake per plant) × 100.
Total soluble proteins, RWC, electrolyte leakage, MDA, MG, H 2 O 2 and superoxide anion production in roots and leaves Total soluble proteins were assayed as described by Bradford (1976) . Relative water content and electrolyte leakage were determined according to Long et al. (2017) . Methylglyoxal was measured using an N-acetyl-L-Cys assay after being extracted by Tree Physiology Volume 38, 2018 5% (w/v) HClO 4 (Wild et al. 2012) . Malondialdehyde was extracted and measured as described previously (Hodges et al. 1999) . H 2 O 2 and superoxide anion production were assayed according to Chen et al. (2005a) .
Enzyme activities in roots and leaves
Guaiacol peroxidase (GuPX), SOD, monodehydroascorbate (MDHA) reductase (MDHAR), ascorbate (ASC) peroxidase (APX), DHAR, catalase (CAT), glutathione reductase (GR), glutathione peroxidase (GlPX) and glutathione S-transferase (GST) were extracted with 50 mM KH 2 PO 4 -KOH (pH 7.5) containing 0.3% (w/v) Triton X-100, 0.1 mM EDTA-Na 2 and 4% (w/v) insoluble polyvinylpolypyrrolidone (PVPP) (Chen and Cheng 2003) . Superoxide dismutase and GuPX were assayed according to Giannopolitis and Ries (1977) and Chen et al. (2008) , respectively. Ascorbate peroxidase (APX), MDHAR, DHAR, CAT and GR were assayed as described by Chen and Cheng (2003) . Glutathione peroxidase and GST were assayed according to Hasanuzzaman et al. (2011) and Fujita and Hossain (2003) , respectively.
Cysteine synthase and ATP sulfurylase (ATPS) were extracted with 20 mM Tris-HCl (pH 8.0) buffer containing 2 mM dithiothreitol, 10 mM EDTA-Na 2 and 4% (w/v) insoluble PVPP (Lappartient and Touraine 1996) . ATP sulfurylase was measured according to Lappartient and Touraine (1996) . One hundred microliters of enzyme extract was incubated for 15 min at 37°C with 80 mM Tris-HCl (pH 8.0), 5 mM Na 2 MoO 4 , 2 mM Na 2 ATP, 7 mM MgCl 2 and 0.032 U ml −1 of sulfate-free inorganic pyrophosphatase in a total volume of 0.6 ml. The reaction was initiated by the addition of enzyme extract and terminated by the adding 2 ml of 20% (w/v) trichloroacetic acid (TCA), and the phosphate (Pi) yielded in the reaction was assayed according to Ames (1966) . The blank contained the same reaction mixture and enzyme extract except that Na 2 MoO 4 was absent. Cysteine synthase was measured as described by Warrilow and Hawkesford (2000) . Sulfite reductase (SiR), adenosine 5′-phosphosulphate reductase (APR), Gly I, Gly II and γ-glutamylcysteine synthetase (γGCS) were extracted by 100 mM Tris-HCl (pH 8.0) with 10 mM EDTA-Na 2 and 5% (w/v) PVPP (Mishra et al. 2008) . APR and SiR were measured according to Trüper and Rogers (1971) and Ostrowski et al. (1989) , respectively. Gly I and Gly II were assayed according to Hasanuzzaman et al. (2011) and Principato et al. (1987) , respectively. γGCS was determined as described previously (Seelig and Meister 1984) .
Glutamine synthetase (GS) was extracted and assayed according to Lu et al. (2014) .
Oxidized glutathione (GSSG), GSH, DHA, ASC, PCs and MTs in roots and leaves
Root and leaf GSSG and GSH were assayed as described by Griffith (1980) after being extracted with 5% (w/v) TCA. Root and leaf DHA and ASC were measured as described by Chen et al. (2005a) after being extracted with 6% (v/v) of HClO 4 .
Root and leaf PCs were measured according to Garg and Kaur (2013) after being extracted with ice-cold 5% (w/v) sulphosalicylic acid.
Root and leaf MTs were determined as described by Malik et al. (2012) .
Leaf gas exchange
Leaf gas exchange was measured with a CIARS-2 portable photosynthesis system (PP systems, Herts, UK) at an ambient CO 2 concentration under a controlled light intensity of 993-1003 μmol m −2 s −1 , a leaf temperature of 26.9 ± 0.4°C
and a relative humidity of 45 ± 1% between 9 and 11 a.m. on a clear day.
Chl a fluorescence (OJIP) transients by a Handy PEA
Leaf OJIP transients were measured after the seedlings were dark-adapted for 3 h at room temperature with a Handy PEA (Hansatech Instruments Limited, Norfolk, UK) as described by Jiang et al. (2008) . OJIP transient was analyzed according to JIP test. F o and maximum fluorescence (F m ) were extracted from the original measurement. Approximated initial slope (in ms
, F v , specific energy fluxes per RC for energy dissipation (DI o /RC) and absorption (ABS/RC), amount of active PSII RCs per cross section (CS), maximum quantum yield of primary photochemistry (F v /F m ), quantum yield for energy dissipation (φ Do ), for electron transport (φ Eo ) and for the reduction of end acceptors of photosystem I (PSI) per photon absorbed (φ Ro ), overall grouping probability (P 2G ), performance index (PI abs ) and total performance index (PI tot,abs ) were calculated as described previously (Banks 2017 , Strasser et al. 2004 , Jiang et al. 2008 , Chen and Cheng 2009 , Liao et al. 2015 . All the above parameters refer to time 0 (start of fluorescence induction).
Conventional Chl a fluorescence parameters by FMS-2
Conventional Chl a fluorescence parameters were determined with a pulse-modulated fluorometer FMS-2 (Hansatech Instruments). Photochemical quenching coefficient (qP), non-photochemical quenching (NPQ), non-photochemical quenching coefficient (qNP), actual quantum of PSII electron transport (Φ PSII ), electron transport rate through PSII (ETR) and efficiency of excitation transfer to PSII RCs under natural light (F m ′/F v ′) were calculated as described by Genty et al. (1989) and Long et al. (2017) .
Data analysis
There were 20 pots per treatment in a completely randomized design. Results were the means ± SE of 4-15 replicates (one seedling from different pots per replicate) with the exception of OJIP transients (only means). Significant differences among four treatment combinations were analyzed by two (species) × two Tree Physiology Online at http://www.treephys.oxfordjournals.org (Al levels) analysis of variance; the four means were separated by the Duncan's new multiple range test at P < 0.05 level.
All the physiological parameters were submitted to principal component analysis (PCA) after being standardized using SPSS ® statistical software (version 17.0, IBM, Armonk, NY, USA), as suggested by Abdul-Wahab et al. (2005) and Shi et al. (2015) .
Results
Biomass, Al and macroelements in leaves, stems and roots Al-treated C. grandis seedlings had lower root, stem, leaf, shoot and whole-plant DW, but higher ratio of root DW/shoot DW relative to controls. However, these parameters were not altered in Al-treated C. sinensis seedlings. Root, stem, leaf, shoot and whole-plant DW were higher in C. grandis seedlings than those in C. sinensis ones or similar between the two without Al-stress, but the reverse was the case with Al-stress ( Figure 1 ).
As shown in Figure 2 , Al toxicity increased Al levels, and decreased N, P and Ca levels in leaves, stems and roots. Magnesium levels were decreased in leaves and stems or unaffected, but increased in roots under Al toxicity. Generally speaking, the Al-induced alterations of Al, N, P and Mg levels in leaves, stem and roots were greater in C. grandis seedlings than those in C. sinensis ones. For C. grandis seedlings, Al toxicity decreased root K level, but had no influence on leaf and stem K levels. Aluminum-treated C. sinensis seedlings had decreased root K level, increased stem K level and unchanged leaf K level. Aluminum toxicity increased or did not alter S levels in C. grandis and C. sinensis leaves, stems and roots. The Al-induced alterations of leaf and root S levels were greater in C. sinensis than those in C. grandis. Without Al-stress, Al, N, P, K, Ca, Mg and S concentrations in leaves, stems and roots were similar between C. grandis and C. sinensis. The exceptions were that the levels of leaf Ca, stem P and root Al were lower in C. grandis seedlings than those in C. sinensis seedlings, and that root Ca level was higher in C. grandis seedlings than that in C. sinensis ones. Under Al toxicity, the concentrations of N, P, K, Ca, Mg and S in leaves, stems and roots were higher in C. sinensis seedlings than those in C. grandis ones. The exceptions were that the concentrations of root Ca and Mg, and stem and leaf Al were higher in C. grandis seedlings than those in C. sinensis ones, and the concentrations of leaf K, stem Ca and S, and root Al were similar between the two.
For C. sinensis seedlings, Al toxicity increased or did not alter Al, N, P, K, Ca and S distributions in leaves, but decreased Mg distribution in leaves. However, Al toxicity decreased or did not affect these element distributions in C. grandis leaves (Figure 3a-g ). Aluminum toxicity decreased N and Mg distributions in C. grandis and C. sinensis stems and Al distribution in C. grandis stems, but had no influence on P, K, Ca and S distributions in C. grandis and C. sinensis stems and Al distribution in C. sinensis stems (Figure 3h-n) . For C. sinensis seedlings, Al toxicity decreased N and K distributions, increased Mg distribution, but did not affect Al, P, Ca and S distribution in roots. However, Al toxicity increased or did not alter these element distributions in C. grandis roots (Figure 3o-u) . For C. sinensis seedlings, Al toxicity decreased N, P, K and Ca uptake, increased S and Al uptake, but did not affect Mg uptake per plant. However, element uptake per plant was decreased in Al-treated C. grandis seedlings with the exception of Al-treated C. grandis seedling exhibiting increased Al uptake per plant. The Al-induced decreases of N, P, K and Ca uptake were greater in C. grandis seedlings than those in C. sinensis ones, but the Al-induced increase of Al uptake was smaller in the former (Figure 3v-ab) .
Gas exchange and pigments in leaves
As shown in Figure 4 , Al toxicity decreased CO 2 assimilation, stomatal conductance (g s ) and transpiration and increased the ratio of intercellular to ambient CO 2 concentration (C i /C a ) in C. grandis leaves. However, the four parameters were not altered in Al-treated C. sinensis leaves. Under Al toxicity, CO 2 assimilation, g s and transpiration were lower in C. grandis leaves than those in C. sinensis leaves, but the reverse was the case for C i / C a . Without Al-stress, the four parameters were similar between C. grandis and C. sinensis leaves.
As shown in Figure 5 , Al toxicity greatly decreased Chl a, Chl b, Chl a + b and Car levels and increased Car/Chl ratio in Figure 1 . Effects of Al toxicity on root (a), stem (b), leaf (c), shoot (stem + leaf) (d) and whole-plant (e) dry weight (DW), and root DW/ shoot DW ratio (f) in C. grandis and C. sinensis seedlings. Bars represent means ± SE (n = 10). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by two-way analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Volume 38, 2018 C. grandis leaves, but only slightly lowered Chl a, Chl b, Chl a + b and Car levels in C. sinensis leaves. Interestingly, Chl a/b ratio was elevated in Al-treated C. grandis and C. sinensis leaves. Under Al toxicity, C. grandis leaves had lower Chl a, Chl b, Chl a + b and Car levels and higher Car/Chl ratio than C. sinensis leaves, but Chl a/b was similar between the two. Without Alstress, these parameters did not differ between C. grandis and C. sinensis leaves except that the levels of both Chl a and Chl a + b were slightly lower in the former that those in the latter.
OJIP transients and fluorescence parameters in leaves
OJIP transients from Al-treated C. grandis leaves displayed a decline in P-step, a rise in O-step, and positive ΔI-, ΔJ-, ΔK-and ΔL-steps at 30 ms, 2 ms, 300 μs and 100 μs, respectively. , r) , Ca (e, l, s), Mg (f, m, t) and S (g, n, u) in C. sinensis and C. grandis leaves, stems and roots. Bars represent means ± SE (n = 4). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by two-way analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Online at http://www.treephys.oxfordjournals.org However, OJIP transients were hardly affected in Al-treated C. sinensis leaves ( Figure 6 ).
As shown in Figure 7 , Al-treated C. grandis leaves had higher /ABS, ABS/RC, qNP and NPQ were higher in C. grandis leaves than those in C. sinensis leaves, but the other 13 fluorescence parameters were lower in the former. Without Al-stress, C. grandis leaves had higher RC/CS and ET o /ABS, and lower qP, qNP, NPQ and Φ PSII than C. sinensis leaves, but the other 14 fluorescence parameters were similar between the two. Figure 3 . Effects of Al toxicity on Al, N, P, K, Ca, Mg and S distributions in leaves (a-g), stems (h-n) and roots (o-u) and their uptake per plant (v-ab) in C. sinensis and C. grandis seedlings. Bars represent means ± SE (n = 4). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by two-way analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05.
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Root and leaf RWC, H 2 O 2 and superoxide anion production, electrolyte leakage, MDA, MG and total soluble proteins As shown in Figure 8 , RWC and total soluble protein levels were decreased, and MG levels were increased in Al-treated C. grandis roots and leaves, but unaffected in Al-treated C. sinensis roots and leaves. Electrolyte leakage, H 2 O 2 and superoxide anion production were increased in Al-treated C. grandis and C. sinensis roots, with greater increases in Al-treated C. grandis roots than those in Al-treated C. sinensis roots. However, H 2 O 2 and superoxide anion production and electrolyte leakage were increased only in Al-treated C. grandis leaves, but unaffected in Al-treated C. sinensis leaves. Malondialdehyde levels were increased in Altreated C. grandis and C. sinensis roots, but unaltered in Altreated C. grandis and C. sinensis leaves. Without Al-stress, these parameters were similar between the two Citrus species except that electrolyte leakage was slightly higher in C. grandis leaves than that in C. sinensis leaves. With Al-stress, root and leaf RWC and levels of total soluble proteins were higher in C. sinensis than those in C. grandis, while root and leaf electrolyte leakage, H 2 O 2 and superoxide anion generation, and MG levels were higher in the former.
Enzymes related to ROS and MG detoxification, antioxidants, PCs and MTs in leaves and roots
As shown in Figure 9a -g, Al-treated C. sinensis leaves displayed decreased MDHAR, DHAR and CAT activities and increased SOD and GuPX activities, but unaltered APX and GR activities. The activities of the seven enzymes were decreased in Al-treated C. grandis leaves. Without Al-stress, APX, MDHAR, DHAR, GR, SOD, CAT and GuPX activities were higher in C. grandis leaves than those in C. sinensis leaves or similar between the two. Under Al toxicity, the activities of these enzymes were higher in C. sinensis leaves than those in C. grandis leaves. As shown in Figure 9h -n, Al-treated C. sinensis roots exhibited decreased APX, MDHAR, GR and SOD activities, and increased GuPX activity, but unaltered DHAR and CAT activities. By contrast, Al toxicity decreased MDHAR, GR, SOD, CAT and GuPX activities, and had no influence on APX and DHAR activities in C. grandis roots. Without Al-stress, APX activity was lower in C. grandis roots than that in C. sinensis roots and DHAR activity was higher in the former, while the activities of the other five enzymes were similar between the two. Under Al toxicity, DHAR activity was higher in C. grandis roots than that in C. sinensis roots, while the activities of the other six enzymes were higher in the latter.
As shown in Figure 10a -j, Al toxicity increased SiR and γGCS activities, and decreased GST, Gly I and Gly II activities, but did not affect ATPS, Cys synthase, GlPX, APR and GS activities in C. sinensis leaves. By contrast, Al-treated C. grandis leaves displayed decreased ATPS, Cys synthase, APR, SiR, Gly I and Gly II activities, and increased GST and GlPX activities, but unaltered GS and γGCS activities. Without Al-stress, GST, APR, Gly I and Gly II activities were higher in C. sinensis leaves than those in C. grandis leaves and SiR and γGCS activities were higher in the latter, while the activities of the other enzymes were similar between the two. Under Al toxicity, GlPX activity was higher in C. grandis leaves than that in C. sinensis leaves and GS activity Figure 4 . Effects of Al toxicity on CO 2 assimilation (a), stomatal conductance (g s ; b), the ratio of intercellular to ambient CO 2 concentration (C i /C a ; c) and transpiration rate (d) in C. grandis and C. sinensis leaves. Bars represent means ± SE (n = 10-13). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by two-way analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05. Bars represent means ± SE (n = 4). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by twoway analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Online at http://www.treephys.oxfordjournals.org was similar between the two, while the activities of the other enzymes were higher in C. sinensis leaves than those in C. grandis leaves. As shown in Figure 10k -t, Al-treated C. sinensis roots had decreased Cys synthase, APR, SiR, GS, Gly I and Gly II activities, and increased GST and γGCS activities, but unchanged ATPS and GlPX activities. By contrast, Al-treated C. grandis roots had increased activity of GlPX, unchanged activities of GST and γGCS, and decreased activities of the other enzymes. Without Al-stress, γGCS activity was lower in C. grandis roots than that in C. sinensis roots and GST activity was lower in the latter, while the activities of the other enzymes were similar between the two. Under Al toxicity, GlPX activity was higher in C. grandis roots than that in C. sinensis roots, while the activities of the other enzymes were lower in the former.
As shown in Figure 11 , ASC + DHA, ASC and DHA levels were increased in Al-treated C. sinensis and C. grandis roots and leaves, and were higher in C. grandis roots and leaves and those in C. sinensis ones or similar between the two Citrus species with or without Al-stress. The only exception was that ASC level was higher in Al-treated C. sinensis roots than that in Al-treated C. grandis roots. GSH + GSSG, GSH and GSSG levels were decreased in Al-treated C. grandis leaves and roots, but unaffected in Al-treated C. sinensis leaves and roots. The only exception was that GSSG level was decreased in Al-treated C. sinensis leaves. Leaf and root GSH + GSSG, GSH and GSSG levels were higher in C. sinensis than those in C. grandis with Alstress, but similar between the two without Al-stress. The only exception was that GSSG level was higher in C. grandis leaves than that in C. sinensis leaves with or without Al-stress. Both ASC/(ASC + DHA) and GSH/(GSH + GSSG) ratios were decreased in Al-treated C. grandis leaves and roots, but unaffected or slightly increased in Al-treated C. sinensis leaves Figure 7 . Effects of Al toxicity on
, Φ PSII (s) and ETR (t) in C. sinensis and C. grandis leaves. Bars represent means ± SE (n = 9-15). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by two-way analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Online at http://www.treephys.oxfordjournals.org and roots. Leaf and root ASC/(ASC + DHA) and GSH/(GSH + GSSG) were higher in C. sinensis than those in C. grandis with Al-stress, but similar between the two without Al-stress. The only exception was that GSH/(GSH + GSSG) was slightly higher in C. sinensis leaves than that in C. grandis leaves without Al-stress.
As shown in Figure 12 , the level of PCs was increased in Altreated C. grandis leaves and in Al-treated C. sinensis roots and leaves, but unaffected in Al-treated C. grandis roots. Aluminum toxicity decreased the level of MTs in roots, but increased their Figure 8 . Effects of Al toxicity on RWC (a and h), H 2 O 2 (b and i) and superoxide anion (c and j) production, electrolyte leakage (d and k), concentrations of MDA (e and l), MG (f and m) and total soluble proteins (g and n) in roots (a-g) and leaves (h-n). Bars represent means ± SE (n = 4). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by two-way analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05. Figure 9 . Effects of Al toxicity on the activities of APX (a and h), MHDAR (b and i), DHAR (c and j), GR (d and k), SOD (e and l), CAT (f and m) and GuPX (g and n) in leaves (a-g) and roots (h-m). Bars represent means ± SE (n = 4). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by two-way analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Volume 38, 2018 level in leaves. Without Al-stress, root and leaf levels of PCs and MTs were similar between C. sinensis and C. grandis. The only exception was that the level of PCs was slightly higher in C. sinensis roots than that in C. grandis roots. Under Al toxicity, the levels of PCs and MTs in roots and leaves were higher in C. sinensis than those in C. grandis.
Root and leaf MG in relation to GSH, Gly I and Gly II
Methylglyoxal concentrations in C. sinensis and C. grandis roots and leaves decreased linearly with increasing GSH concentrations, Gly I and Gly II activities (see Figure S1 available as Supplementary Data at Tree Physiology Online).
Principal component analysis of physiological parameters
To understand the physiological response patterns of C. sinensis and C. grandis seedlings submitted to either 0 mM or 1 mM Al, PCA was carried out using physiological parameters including biomass, element uptake, concentrations and distributions, gas exchange, pigments, Chl a fluorescence parameters, enzymes involved in ROS and MG detoxification, antioxidants and Scontaining compounds, and other parameters (i.e., RWC, ROS production, electrolyte leakage, MG, MDA and total soluble proteins) (see Tables S1-S3 available as Supplementary Data at Tree Physiology Online). As shown in Figure 13 , the physiological response patterns greatly differed between Al tolerant C. sinensis and Al intolerant C. grandis seedlings. We found that PC1 and PC2 valves accounted for 79% and 7%, and 48% and 13% of the total X and Y variation in C. grandis and C. sinensis seedlings, respectively, implying that the physiological responses occurred highly only in Al-treated C. grandis seedlings rather than in Al-treated C. sinensis seedlings. In other words, the association patterns of the physiological parameters were highly separated in Al-treated C. grandis seedlings, but not obvious in Al-treated C. sinensis seedlings. , γGCS (h and r), Gly I (i and s) and Gly II (j and t) in leaves (a-j) and roots (k-t). Bars represent means ± SE (n = 4). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by two-way analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05. OAS, O-acetylserine.
Tree Physiology Online at http://www.treephys.oxfordjournals.org Table S1 available as Supplementary Data at Tree Physiology Online). Table S2 available Table S3 available as Supplementary Data at Tree Physiology Online). Based on these results, we concluded that these physiological parameters including root and leaf ASC, DHA and ASC + DHA levels, and Al, N, P and Ca uptake per plant might play central roles in Citrus tolerance to Al.
Discussion
The tolerance of higher plants to Al is related not only to restricted uptake of Al by roots, but also to restricted translocation of Al from roots to shoots (leaves) (Vose and Randall 1962 , Yang et al. 2011 , Guo et al. 2017b . The higher Al tolerance of C. sinensis could not be caused by restricted uptake of Al by roots, because Al uptake per plant was higher in Al-treated Figure 11 . Effects of Al toxicity on ASC + DHA (a and i), ASC (b and j) and DHA (c and k) concentrations, ASC/(ASC + DHA) ratio (d and l), GSH + GSSG (e and m), GSH (f and n) and GSSG (g and o) concentrations, and GSH/(GSH + GSSG) ratio (h and p) in C. sinensis and C. grandis leaves (a-h) and roots (i-p). Bars represent means ± SE (n = 4). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by two-way analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05. Bars represent means ± SE (n = 4). Differences among four treatment combinations (two Citrus species × two Al levels) were analyzed by two-way analysis of variance; four means were separated by Duncan's new multiple range test. Different letters above the bars indicate a significant difference at P < 0.05.
Tree Physiology Volume 38, 2018 Figure 13 . PCA loading pots of physiological parameters of C. sinensis (a), C. grandis (b), and both C. sinensis and C. grandis (c) seedlings exposed to either 0 mM or 1 mM Al.
Tree Physiology Online at http://www.treephys.oxfordjournals.org C. sinensis than that in Al-treated C. grandis (Figure 3v ). There are several reports showing that the alleviation of boron, P, NO and S to Citrus Al toxicity was accompanied by decreased stem and leaf Al levels and increased or unchanged root Al level (Jiang et al. 2009a , 2009b , Yang et al. 2011 , Guo et al. 2017a . We found that Al concentrations were lower in Altreated C. sinensis stems and leaves than those in Al-treated C. grandis stems and leaves, and that more Al was retained in C. sinensis roots than that in C. grandis roots under Al toxicity (Figures 2a, h and o and 3a, h and o) , suggesting that C. sinensis Al tolerance involved both more Al accumulation in roots and less transport of Al from roots to shoots.
Aluminum toxicity can impair plant root growth and function, thus lowering the uptake of water and mineral elements (Kochian 1995 , Dawood et al. 2012 , Guo et al. 2017a . In this study, root and leaf RWC (Figure 8a and h) , and N, P, K, Ca, Mg and S uptake per plant (Figure 3w -ab) were greatly decreased in Al-treated C. grandis. By contrast, Al toxicity only slightly decreased N, P and K uptake per plant in C. sinensis. Root and leaf RWC, and Mg uptake were unaltered, and S uptake was increased in Al-treated C. sinensis (Figures 3w-ab and 8a and h). Obviously, Al toxicity affected the uptake of water and macroelements more in C. grandis than that in C. sinensis. Generally speaking, the concentrations of N, P, K, Ca and Mg were also less affected in Al-treated C. sinensis roots, stems and leaves than those in Al-treated C. grandis ones (Figure 2 ). This could be associated with our findings that C. sinensis roots were less impaired than C. grandis roots under Al toxicity, as indicated by the unaltered root DW and the less increased electrolyte leakage (Figures 1a and 8d) . Growing evidence shows that Ca, Mg and P supply can alleviate Al toxicity in higher plants (Silva et al. 2001 , Jiang et al. 2009a , Yang et al. 2011 . Guo et al. (2017a) and Dawood et al. (2012) indicated that the elevated uptake of Ca, Mg and P played a role in the S-induced alleviation of Al toxicity in C. grandis and barley seedlings. Thus, the higher Al tolerance of C. sinensis might involve the efficient maintenance of nutrient (Ca, P and Mg) homeostasis. This is also by the above inference revealed by PCA that N, P and Ca uptake per plant might play central roles in Citrus tolerance to Al (see Tables S1-S3 available as Supplementary Data at Tree Physiology Online).
Aluminum toxicity can trigger ROS production, hence causing lipid peroxidation in plant cells (Yamamoto et al. 2002 , Giannakoula et al. 2010 , Shen et al. 2014 , Guo et al. 2017a ). Here, we found that the generation of H 2 O 2 and superoxide anion was increased in Al-treated C. grandis and C. sinensis roots, with greater increases in the former, but only in Al-treated C. grandis leaves (Figure 8b , c, i and j). Antioxidant enzymes are the first line of defense against oxidative damage (Manna et al. 2008) . As shown in Figure 9 , the activities of APX, MDHAR, DHAR, GR, SOD, CAT and GuPX were higher in C. grandis leaves and roots than those in C. sinensis leaves and roots or similar between the two Citrus species except for a lower root APX activity without Al-stress, but higher in C. sinensis leaves and roots than those in C. grandis leaves and roots except for a lower root DHAR activity with Al-stress. To conclude, Al tolerant C. sinensis leaves and roots could keep higher antioxidant enzyme activities than C. grandis roots and leaves did when exposed to Al toxicity. Similar results have been obtained on rice (Giannakoula et al. 2010 ) and sorghum (Sivaguru et al. 2013 , Zhou et al. 2017 . Thiol-based antioxidant system is the second line of defense against oxidative stress (Manna et al. 2008) . Like antioxidant enzymes, the activities of S metabolism-related enzymes (i.e., ATPS, Cys synthase, GST, APR, SiR and γGCS) were higher in C. sinensis leaves and roots than those in C. grandis leaves and roots under Al-stress. Glutamine synthetase activity was higher in Al-treated C. sinensis roots than that in Al-treated C. grandis roots, but similar between Al-treated C. sinensis and C. grandis leaves. Interestingly, GlPX activities were higher in Al-treated C. grandis leaves and roots than those in Al-treated C. sinensis leaves and roots ( Figure 10 ). Glutathione peroxidase mainly catalyzes the reaction: 2GSH + H 2 O 2 → GSSG + 2H 2 O, thus preventing cells from oxidative damage. Transgenic tobacco seedlings overexpressing GST/GlPX displayed a higher ratio of GSSG/GSH (Roxas et al. 2000) . In addition to dealing with the increased demand for scavenging the Al-stimulated production of ROS (Figure 8b , c, i and j), the observed higher GlPX activities might account for the decreased ratios of GSH/(GSH + GSSG) in Al-treated C. grandis roots and leaves (Figure 11h and p) . Generally speaking, Al-treated C. sinensis roots and leaves had higher activities of antioxidant enzymes and S metabolism-related enzymes than Al-treated C. grandis roots and leaves. Similarly, the levels of S-containing compounds including GSH + CSSG, GSH (Figure 11e , f, m and n), PCs and MTs ( Figure 12 ) were higher in Al-treated C. sinensis roots and leaves than those in Al-treated C. grandis roots and leaves. Thus, both thiol-based antioxidant system and antioxidant enzymes might contribute to the higher Al tolerance of C. sinensis.
Aluminum toxicity can also stimulate MG production . Increased accumulation of MG in plant cells can cause oxidative injury (Yadav et al. 2005) . Our results clearly showed that MG levels were increased only in Al-treated C. grandis roots and leaves, but unaffected in Al-treated C. sinensis roots and leaves (Figure 8f and m) . Methylglyoxal is mainly detoxified by the Gly system, where GSH serves as a cofactor (Hossain et al. 2012) . Nahar et al. (2017) reported that exogenous spermidine supply in Al-treated mung bean seedlings increased the concentration of GSH and the activities of Gly I and Gly II, thus alleviating Al-induced production of MG. Regression analysis showed that MG levels in C. sinensis and C. grandis roots and leaves increased linearly with decreasing GSH levels, Gly I and Gly II activities (see Figure S1 available as Supplementary Data at Tree Physiology Online). We found that the Al-induced decreases of Gly I and Gly II activities were more pronounced in C. grandis roots and leaves than those in C. sinensis roots and leaves (Figure 10i, j, s and t) , that Al toxicity only decreased GSH levels in C. grandis roots and leaves (Figure 11f and n) , and that the levels of GSH and the activities of Gly I and Gly II were higher in Al-treated C. sinensis roots and leaves than those in Al-treated C. grandis roots and leaves. In short, Al toxicity lowered MG detoxification capacity due to decreased levels of GSH and activities of Gly I and Gly II, thus triggering the overproduction of MG in Al-treated C. grandis roots and leaves, but the higher Gly system in Al-treated C. sinensis roots and leaves as a whole provided sufficient detoxification capacity for preventing the Al-induced accumulation of MG. This could explain why MG levels were increased only in Al-treated C. grandis roots and leaves, but not in Al-treated C. sinensis roots and leaves. In addition to detoxifying MG, Gly system also plays a role in the maintenance of GSH homeostasis and subsequent detoxification of ROS . Overexpression of Gly I, Gly II and Gly I/II conferred transgenic tobacco plants salt tolerance by lowering salt-induced increase in MG levels and maintaining higher ratios of GSH/(GSH + GSSG) under salinity stress (Yadav et al. 2005) . Thus, the higher MG detoxification capacity might contribute to maintenance of GSH homeostasis in Al-treated C. sinensis roots and leaves, as indicated by the little affected levels of GSH and ratios of GSH/(GSH + GSSG) (Figure 11f , g, n and o).
To conclude, our results demonstrated that the Al-induced alterations of physiological parameters were less pronounced in C. sinensis seedlings than those in C. grandis seedlings. The higher Al tolerance of C. sinensis might be related to following several aspects: (i) more Al accumulation in roots and less transport of Al from roots to shoots; (ii) efficient maintenance of nutrient (Ca, P and Mg) homeostasis; and (iii) efficient maintenance of redox homeostasis via detoxification systems of ROS and MG.
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